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The Hox genes cooperate in providing positional information needed for spatial and temporal patterning of the vertebrate
ody axis. However, the biological mechanisms behind spatial Hox expression are largely unknown. In transgenic mice,
gene fusions between Hoxa5 (previously called Hox-1.3) 5* flanking regions and the lacZ reporter gene show tissue- and
time-specific expression in the brachial spinal cord in day 11–13 embryos. A 604-bp regulatory region with enhancer
properties directs this spatially specific expression. Fine-detail mapping of the enhancer has identified several elements
involved in region-specific expression, including an element required for expression in the brachial spinal cord. Factors in
embryonic day 12.5 nuclear extracts bind this element in electrophoretic mobility shift assays (EMSA) and protect three
regions from DNase digestion. All three sites contain an AAATAA sequence and mutations at these sites reduce or abolish
binding. Furthermore, this element binds specific individual embryonic proteins on a protein blot. The binding activity
appears as a gradient along the anterior-posterior axis with two- to threefold higher levels observed in extracts from anterior
regions than from posterior regions. In parallel with the EMSA, the proteins on the protein blot also show reduced binding
to probes with mutations at the AAATAA sites. Most importantly, transgenic mice carrying Hoxa5/lacZ fusions with the
three AAATAA sites mutated either do not express the transgene or have altered transgene expression. The brachial spinal
cord element and its binding proteins are likely to be involved in spatial expression of Hoxa5 during
development. © 1999 Academic Press
Key Words: Hoxa5; Hox regulatory elements; EMSA; DFP analysis; DNA-binding proteins; protein gradient; lacZ
transgenic analysis.
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fiINTRODUCTION
In Drosophila, the genetically defined cascade of ho-
meobox gene regulation, which ultimately acts to define
the components of the embryo, is an excellent model of
how spatial expression of genes is regulated to result in
segment identification. This cascade of gene regulation
begins with maternal and gap genes setting up gradients of
positional information that regulate the pair-rule genes,
which, in turn, act to establish the initial spatial expression
1 This manuscript is dedicated to the memory of M. Chi Nguyen-
Huu, in whose laboratory this research was initiated.2 To whom correspondence and reprint requests should be ad-
ressed. Fax: (515) 294-2401. E-mail: cktuggle@iastate.edu.
134f the homeobox-containing homeotic genes (reviewed in
awrence and Morata, 1994). The homeobox is a 60-amino
cid binding domain conserved in many regulatory genes,
rst discovered in Drosophila (McGinnis et al., 1984; Scott
and Weiner, 1984). Drosophila homeobox-containing genes
are the most extensively characterized in terms of function,
expression, and regulation. A large number of mammalian
homeobox genes have been identified; 39 genes closely
related to the Drosophila homeotic genes are called Hox
genes and exist in four clusters (McGinnis and Krumlauf,
1992). These Hox genes are expressed in many cell types,
and their functional domains depend on the tissue, struc-
ture, and/or the developmental stage in which they are
expressed (Krumlauf, 1994), yet little is understood as to
how spatial Hox regulation is achieved.
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135Embryonic Gradient of Hoxa5 BSC Enhancer Binding ProteinsHomeotic genes exhibit spatially specific expression pat-
terns controlled by multiple positive and negative cis-
regulatory elements, which are responsible for the specific-
ity of their expression patterns (Qian et al., 1991; Kennison,
1993; Gindhart et al., 1995). Further, two types of trans-
acting factors are involved in regulating the homeotic genes
in Drosophila: those required for initial patterns in the early
embryo (such as gap and pair-rule genes: Irish et al., 1989;
White and Lehmann, 1986) and those required for mainte-
nance of the patterns (trx genes: Kennison and Tamkun,
1992; Pc genes: Paro, 1990). Many of these genes are known
to affect Drosophila homeotic genes, yet no mammalian
homologs have been shown to directly regulate vertebrate
Hox gene expression. Because vertebrates may not have
similar mechanisms for regulating the Hox genes (Krum-
lauf, 1994), an alternative to searching for direct homologs
of genes in the Drosophila cascade needs to be employed.
Some transcription factors that have been identified as
regulators of Hox genes include the retinoic acid receptors
(Langston and Gudas, 1992; Moroni et al., 1993; Po¨pperl and
eatherstone, 1993), Krox20 (Sham et al., 1993; Nonchev et
l., 1996), and GATA-1 (Vieille-Grosjean and Huber, 1995).
here is also evidence for auto- and cross-regulation of the
ox genes (Po¨pperl et al., 1995; Zhao et al., 1993, 1996;
ould et al., 1997; Maconochie et al., 1997).
To study regulators of vertebrate Hox genes, cis-acting
egions required for the correct spatial expression of these
enes need to be identified. In mouse, cis-regulatory flank-
ng regions of several Hox genes are capable of reproducing
ll or part of the expression pattern of their endogenous
enes. Multiple subelements, important for different as-
ects of their expression patterns, have been demonstrated
n several Hox genes (Zakany et al., 1988; Bieberich et al.,
990; Tuggle et al., 1990; Pu¨schel et al., 1991; Whiting et
l., 1991; Ge´rard et al., 1993; Vogels et al., 1993; Brown and
aylor, 1994; Gutman et al., 1994; Shashikant et al., 1995;
harite´ et al., 1995; Bradshaw et al., 1996; Morrison et al.,
997; Zhang et al., 1997; Larochelle et al., 1998). However,
he DNA fragments needed to replicate the pattern for most
ox genes are very large. This is most likely due to the
haring of regulatory elements within the clusters (van der
oeven et al., 1996; Dupe et al., 1997; Gould et al., 1997;
ondo et al., 1998; Sharpe et al., 1998) resulting in these
lements being located at great distances from the gene(s)
hey regulate, and thus few specific regulatory sites and
rans-acting factors have been identified.
The Hoxa5 gene is expressed from at least two promoters,
roximal and distal, which generate four different tran-
cripts expressed in the spinal cord, prevertebrae, lungs,
idney, and gut (Zakany et al., 1988; Jeannotte et al., 1993).
n the original published in situ hybridization studies, all of
hese transcripts were detected simultaneously (Dony and
russ, 1987; Gaunt et al., 1988). However, in situ hybrid-
zation probes which could differentiate proximal and distal
ranscripts were recently used to show the proximal pro-
oter directs a unique pattern of expression (Aubin et al.,
998). The proximal promoter has been mapped within the
i
h
Copyright © 1999 by Academic Press. All righthoI–SacI region just 59 to the HOXA5 open reading frame
Fig. 1A). This promoter directs synthesis of a 1.8-kb tran-
cript, which in Northern blot analysis of poly(A)1 mRNA,
s the major embryonic transcript (Odenwald et al., 1987;
ibi et al., 1988; Zakany et al., 1988). In RNase protection
xperiments using total RNA, however, the majority of
mbryonic transcripts are initiated 59 to this promoter and
he ratio of 1.8-kb transcript to the larger forms was not
onstant among neonatal tissues (Zakany et al., 1988). In
orthern blot analyses of adult tissues, the ratio of these
ranscripts also varied (Jeannotte et al., 1993).
Previous studies of the Hoxa5 proximal promoter identi-
ed a defined, relatively compact cis-regulatory region of
04 bp capable of directing expression to a subset of the
oxa5 endogenous pattern, from cervical metamere 3 to
horacic metamere 2 (C3-T2) in the spinal cord, termed the
rachial spinal cord (BSC; Zakany et al., 1988; Tuggle et al.,
990). While the HOXA5 protein has been shown to bind to
he Hoxa5 promoter region (Odenwald et al., 1989), binding
as detected outside of the 604-bp enhancer. A comparison
f the 604-bp cis-acting regulatory region of Hoxa5 to
rosophila and mouse sequences found no similarities to
nown regulatory sequences, other than several copies of
he minimal homeobox binding motif TAAT (Fig. 1A).
By identifying and characterizing trans-acting factors that
nteract with cis-acting regulatory elements of the Hoxa5
roximal enhancer, a model of spatial control of Hox gene
xpression can be developed. In our current studies, dele-
ion and addition analysis in transgenic mice were used to
dentify subelements within the Hoxa5 enhancer respon-
ible for region-specific expression in the BSC. Proteins
inding to one of these regulatory elements were identified
n nuclear extracts (NE) from midgestational embryos using
lectrophoretic mobility shift assays (EMSA). We show
rotection of three sites containing the sequence AAATAA.
enatured proteins separated by SDS–PAGE bind probes
ontaining these sites; interestingly, these factors exhibit a
radient of binding activity along the anterior-posterior
A-P) axis of the mouse. Mice carrying Hoxa5/lacZ trans-
enes with mutations in these sites do not express
b-galactosidase in the BSC at day 12.5, demonstrating the
requirement of these sites for Hoxa5 expression in vivo.
MATERIALS AND METHODS
Transgene constructions. 59 Deletion Analysis: To delete the
59 292 bp of the enhancer, the EcoRV–XhoI (292–604) fragment was
isolated from pCKT32-47 (Tuggle et al., 1990) and ligated back into
pCKT32-47 digested with SalI (filled-in) and XhoI. For additional 59
eletions, plasmid pCKT13 was produced by a BglII/BamHI diges-
ion of pHox1.3/lacZ/SV40 (Zakany et al., 1988) and ligation into
GEM2 digested with BamHI. BAL31 digestion of pCKT13 digested
ith SalI was performed. Resulting products were released from
he plasmid by digestion with BamHI and cloned into pCKT17-2
Tuggle et al., 1990) via the BamHI and SmaI sites. Sequencing
dentified various deletions of the 59 side of the BglII–XhoI en-
ancer region (Fig. 1B, constructs 1–5).
s of reproduction in any form reserved.
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136 Nowling et al.3* Deletion analysis. To delete the DdeI to XhoI (404–604) and
he EcoRV–XhoI (292–604) region, the BglI–XhoI fragment was
isolated from pCKT13 by SmaI and XhoI digestion and fragment
isolation. Subsequent digestion by either DdeI or EcoRV was
followed by Klenow fragment enzyme treatment and ligation into
pCKT20 digested with XhoI (filled-in) to produce plasmids contain-
ing construct 8 and 9, respectively. pCKT20 is a BAL31 digestion
product of pCKT13 as described above. To produce additional
deletions at the 39 end of the enhancer, PCR primers were designed
to delete 49 bp (59-CCCTCGAGCAAGGGCCGGGGTCGAAT), or
98 bp (59-CCCTCGAGCATTTCCCTCGCAGTTCC) from the 39
side of the enhancer. Using a common 59 primer starting at 185 bp
39 to the BglII site (59-GATCCTGTCCTTCATGCGTTCACAA-
AAACAGAGCCGTAAT), the PCR was used to generate DNA
fragments of interest. XhoI digestion of the PCR products and
ligation into pCKT20 via SmaI and XhoI completed the cloning.
Sequencing ascertained that the enhancer sequence was correct and
that expected deletion had occurred (Fig. 1B, constructs 6–9).
Addition analysis. To generate construct 11, the BglII to XhoI
mouse Hoxa5 fragment was filled in and inserted into the EcoRI
site at the 59 end of the human HOXD4 sequence by partial EcoRI
digestion and fill in with Klenow enzyme of plasmid p5.1/1.3/lacZ
(Tuggle et al., 1990). For constructs 12 and 13, the isolated 604-bp
Hoxa5 fragment was digested with EcoRV. The resulting two
fragments 1–292 (construct 12) and 292–604 (construct 13) were
separately inserted into p5.1/1.3/lacZ, as for construct 11. In the
case of construct 14, the isolated 604-bp Hoxa5 fragment was
digested with DdeI and filled in with Klenow enzyme. The result-
ing fragment 1–404 was inserted into the EcoRI site of 5.1/1.3/lacZ
as above. For constructs 15 and 16, oligonucleotides for both
strands covering the 292–367 region and the 333–407 region were
designed with BamHI cohesive ends. Annealed oligos were digested
with BamHI and ligated into BamHI-digested p5.1/1.3/lacZ to
create construct 15 and 16, respectively. The 292–367 and 333–407
oligos were also ligated into pCKT17-2 digested with BamHI to
generate pCKT39-12 and pCKT38-6, respectively, for EMSA anal-
yses.
To generate the Hoxa5/LacZ construct containing mutations at
each of the three AAATAA sites in the enhancer, an 83-bp product
was generated by PCR using Hoxa5 flanking sequence as template
and primers 3 and 4 described below. This product was isolated and
used as a primer in a subsequent PCR reaction along with primer D
(59CTCGAGCGCCACCCGCTG) to generate a 275-bp product
covering approximately the 39 one-third of the enhancer containing
mutations at all three sites. Primer 8 (59GTATGGGGTCTgggcTT-
TGTGTAGAGG) containing a mutant A site, was used in a PCR
reaction with primer U (59AGATCTTCCAGGCTGGATAAATA-
AACAAA) to generate the 350-bp product covering approximately
the 59 half of the enhancer. Both the 39 275-bp and the 59 350-bp
products were ligated into the pT7Blue vector, generating p275-3
and p350-2, respectively, and sequenced. These vectors were then
used as template in additional PCR reactions to reamplify these
regions. Primers U and 8 amplified the 59 350-bp region and primers
D and 4 amplified the 39 275-bp region which contain overlapping
equence. The isolated products were used along with primers U
nd D in PCR in order to generate the entire 604-bp region
ontaining A, B, and C mutant sites, which was also ligated into
he pT7Blue vector, to generate p2-401, and sequenced. The ABC-
ut enhancer was then moved via BglII and XhoI from p2-401 into
ET17b (Novagen) digested with BamHI and XhoI. The ABCmut
nhancer fragment was then digested with KpnI and XhoI and
igated into pBal45 digested with XhoI and KpnI to generate
Copyright © 1999 by Academic Press. All rightBal45TM (construct 10). The same triple mutant sequence was
lso inserted into a gene fusion with 9.4-kb Hoxa5 flanking
equence (construct 17; Larochelle et al., 1998) by substituting the
ild-type BglII–XhoI fragment with the BglII–XhoI fragment of
Bal45TM to generate construct 18.
Production of transgenic embryos. Laboratory mouse experi-
entation was performed in accordance with University guidelines
n animal care and use. All transgenic mice were produced by
icroinjection of NotI-linearized DNA fragments into C57B6/CBA
r FVB F2 embryos as described (Hogan et al., 1994). DNA frag-
ents were prepared by CsCl centrifugation or by low melt
garose/phenol extraction followed by dialysis. All potential trans-
enic conceptuses were dissected out at day 12.5 of gestation and
nalyzed for lacZ expression (embryo) and transgene presence
placenta or yolk sac) as previously described (Zakany et al., 1988).
he morning of vaginal plug detection was designated as 0.5 day of
estation.
Electrophoretic mobility shift assay. Crude nuclear extract
Roy et al., 1991) was prepared from either whole embryonic
.5–18.5 day postconception (p.c.) mice or embryo sections (1–4)
long the A-P axis of embryonic 12.5 day p.c. (e12.5) mice. Regions
through 4 include: (1) head, to the lower jaw; (2) upper cervical,
rom lower jaw to just anterior of the forelimbs; (3) brachial, from
nterior of forelimbs to just posterior to the forelimbs; and (4) the
est of the torso. Where indicated, the crude NE was further
urified by step gradient fractionation using HiTrap Heparin col-
mns (Pharmacia BioTech).
The 75-bp fragments used for the brachial spinal cord (BSC)
MSA were isolated from pCKT38-6 and pCKT39-12 by BamHI
igests and labeled using the Klenow reaction. Binding reactions
nd gel shifts were performed as described in Roy et al., (1991), with
he following modifications: reactions were incubated at room
emperature for 20 min in the presence of polyd(A:C)d(G:T) and run
n a 5%, 29:1 acrylamide:bisacrylamide, 0.253 TBE nondenaturing
el. Approximately 0.5–1 ng of probe and 0.1 to 2 mg of NE were
used per reaction for the EMSA analyses (Figs. 3 and 5). The same
amount of probe and 25 ng of NE were used for quantitative EMSA
analyses, as lower amounts of NE were necessary to measure
binding activity within the linear range. For competition studies,
competitor DNA was added to the reactions before addition of the
labeled probe. After electrophoresis, the gel was dried and autora-
diography performed.
Molecular weights of shifted complexes were estimated follow-
ing the protocol of Orchard and May (1993), using molecular weight
markers from Sigma. Specific shifted bands were quantified and
analyzed by phosphorimaging. The percentage of DNA bound for
each fragment was calculated by dividing the amount of radioac-
tivity in the shifted band by the total amount of radioactivity in the
lane (shifted band plus free band). Quantification data include
averaging of results from at least triplicate assays in all analyses.
Footprinting. Probes used in the footprinting assays were gen-
erated by filling in the Sau3AI site of the 160-bp EcoRV/Sau3AI
E/S) restriction fragment and the TaqI site of the 140-bp TaqI/
infI (T/H) restriction fragment, both from pBglXho (Tuggle et al.,
1990), with [32P]dCTP using the Klenow reaction. The E/S and T/H
fragments were used to footprint the top and bottom strands,
respectively. The DNaseI protection footprinting was performed as
described by Larkin (1993), using the described probes and fraction-
ated e12.5 day extract. Binding reactions were carried out as in the
EMSA analyses before treatment with DNaseI. The treated binding
reactions were denatured and run on a 7%, 19:1 acrylamide:
bisacrylamide, 13 TBE, 8 M urea sequencing gel. After electro-
s of reproduction in any form reserved.
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137Embryonic Gradient of Hoxa5 BSC Enhancer Binding Proteinsphoresis, the gel was fixed and dried, and autoradiography was
performed.
PCR production of mutant regulatory element probes. Pro-
tected sites identified by footprinting analysis were mutated using
PCR. Primers were designed with changes at four bases within each
protected region (A, B, and C) and between regions B and C as a
control. All primers were synthesized at the Sequencing and
Synthesis Facility at Iowa State University. Primers include:
primer 1, 59TGGTGACTTAGAATcgggTACAACAAC39; primer 2,
59ACTTAGAATTATTTACAACAACTTcgggTCCCCGG39;
primer 3, 59GGAGGTGGTGACTTAGAATcgggTACAA-
CAACTTcgggTCCCC39; primer 4, 59ACCCCAACCTCTACA-
CAAAAgcccAGAGGGG39; primer 5, 59TGGCAAACCGAC-
C C C A A C C T C T A 3 9 ; p r i m e r 6 , 5 9 C G G G G G A G G T G -
GTGACTTAGAATTA39; and primer 7, 59GTGGTGACTTA-
GAATTATTTgacgCAACTT39. Primers 5 and 6 generate a wild-
type (WT) probe, primers 4 and 6 generate a probe with a mutant A
(MutA) site, primers 5 and 2 a mutant B (MutB) site, primers 5 and
1 a mutant C (MutC) site, primers 4 and 2 generate an AB double
mutant (MutAB), primers 4 and 1 generate an AC double mutant
(MutAC), primers 5 and 3 generate a BC double mutant (MutBC),
primers 4 and 3 generate an ABC triple mutant (MutABC), and
primers 5 and 7 generate a mutant at a site between B and C as a
control mutation (MutCtrl). For EMSA, one primer from each
primer set was end labeled with [g-32P]ATP and then used in the
PCR reactions. For protein blot binding probes, the DNA fragments
were labeled by incorporation of [32P]dCTP by PCR. For compat-
ibility purposes in the PCR reaction, primer design software
dictated slight differences in product size. With the exception of
products generated using primer 4, these products contain all of the
original 39 BSC (333–404) sequence with the addition of only 6–14
bp of flanking sequence. Based on our results with the control
product (MutCtrl), this additional sequence does not affect binding.
Products generated using primer 4 begin 3 bp within the original 39
BSC sequence on the 59 end; however, these 3 bp are unnecessary
for binding because one of these products, MutA, showed little
effect on binding. Bands were quantified by phosphorimaging. Final
reported results are based on averaging data from at least three
experiments for each probe.
Protein blot analysis. Protein blot analyses were performed as
previously described (Cowell and Hurst, 1993). Equal amounts
(25–50 mg) of NE from whole or sections 1 through 4 of e12.5
embryos were separated on a 12% SDS–PAGE gel, transferred to
nitrocellulose, renatured, and incubated with probe. Probes in-
cluded [g-32P]ATP labeled and ligated 65-bp upper cervical repressor
UCR) fragment and 75-bp 39 (333–404) BSC fragment, or PCR-
generated 39 BSC wild-type (WT) and mutant probes MutB, MutBC,
nd MutABC. For the protein blot using NE from sections, detected
ands in each section were quantified by phosphorimaging and
ormalized within each section to a nonspecific band (bands that
omigrate on the UCR and 39 BSC probed blots), which varied no
ore than 16% across the sections of the embryo, as a control for
ransfer and probe binding efficiency on each blot. Section 4 (having
he smallest ratio) for each band in each experiment was set equal
o one and the other sections were normalized to section 4.
ormalization was used to accurately compare experiments be-
ause the overall level of binding as measured by radioactivity
etween experiments varied, likely due to differences in washing or
pecific activity of the probe. High and low molecular weight
arkers (Bio-Rad) were used for size estimation. For the proteinlot with whole NE and the PCR-generated probes, the binding in
ands for the mutants was quantified by phosphorimaging and
s
t
Copyright © 1999 by Academic Press. All rightcalculated as a percentage of the wild-type sequence probes. Quan-
tification data are based on averaging data from triplicate blots that
included two separate extract preparations.
RESULTS
Identification of Regulatory Elements in the Hoxa5
Region-Specific Enhancer
Previous analysis of Hoxa5 identified a 604-bp region
(BglII–XhoI, see Fig. 1), which conferred brachial spinal cord
expression to a lacZ reporter gene in transgenic embryos
(Zakany et al., 1988; Tuggle et al., 1990). This fragment was
unctional in either orientation, and activated the mouse
sp68 promoter as well, indicating that enhancer-like
lements existed in this fragment. Because the pattern
as temporally and spatially specific, expressing
b-galactosidase from embryonic day 11 to 13 with discrete
rostral and caudal boundaries, the Hoxa5 BSC enhancer was
investigated as a model to dissect region-specific expres-
sion. We used deletion analysis to further define elements
within the 604-bp region. Figure 1 shows the various
fragments injected to generate transgenic embryos and Fig.
2 shows e12.5 mouse embryos displaying representative
lacZ expression patterns.
When sequences up to 211 bp 39 to the BglII site were
removed, no change was observed; however, when 237 bp
were deleted, BSC expression was lost, indicating that the
additional 26 bp removed is necessary for BSC expression
(Figs. 2A–2C). In a similar analysis using 39 deletions,
several effects were observed. If the 39 50 bp were deleted
39D50), lacZ expression extended to the C1–C2 level (Figs.
D and 2E). This element, termed the upper cervical repres-
or (UCR), is thus a negative element(s) within the 555- to
04-bp region specifically regulating the anterior limit of
xpression. When 100 bp at the 39 end were deleted, BSC
xpression was lost, while expression appeared in the pe-
ipheral nervous system (Figs. 2F and 2G). This expression
as limited to the same embryonic rostrocaudal region
een for the 39D50 construct, indicating region-specificity
ad been maintained, whereas cell-type specificity had
hanged. If 200 bp 39 were removed, no expression at all was
bserved, indicating that additional elements located
ithin the 404- to 505-bp region was required for expression
data not shown).
These results showed that about 394 bp (211 to 604) are
equired for BSC-specific expression. To further analyze
his region, small fragments of the Hoxa5 enhancer were
dded to another gene fusion (HOXD4/lacZ), which ex-
resses lacZ in from the myelencephalon to C3 during
idgestation (previously described as Hox5.1/lacZ; Tuggle
et al., 1990). By adding Hoxa5 elements to the HOXD4/lacZ
ransgene, we anticipated eliminating the requirement of
onspatial regulatory elements in the analysis of the BSC
nhancer. A construct with the entire 604-bp region in-
erted 59 to the 2832-bp HOXD4 fragment expressed lacZ in
he spinal cord from myelencephalon to T2 (Fig. 2H),
s of reproduction in any form reserved.
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138 Nowling et al.FIG. 1. Deletion and addition analysis in transgenic mice defines cis-acting Hoxa5 regulatory elements. (A) Schematic map of the Hoxa5
9 flanking region including the Brachial Spinal Cord enhancer (BSCE) previously identified (BglII to XhoI). Numbering begins at the BglII
ite (1). Arrowheads show HOX protein binding motifs (TAAT); white box and black ovals show the 333–404 region and AAATAA sites,
espectively. The striped circle indicates the HOXA5 binding site (Odenwald et al., 1989). (B) Hox-lacZ gene fusions microinjected into
ertilized oocytes to generate transgenic embryos. At the left, various Hoxa5 BSCE regions used in the context of the Hoxa5 proximal
romoter fused to the lacZ gene are shown. In constructs 1–10, exon–intron structure and poly(A) site was provided by SV40 sequences
Zakany et al., 1988), except for construct 5, which used the Hoxa5 genomic region 2.8-kb SacI–HindIII fragment (Tuggle et al., 1990). This
latter region was used for constructs 11–16, which all also included the 2,800 bp HOXD4 upper cervical enhancer. At the right is listed the
number of expressing transgenic embryos dissected at e12.5, as well as the total number of transgenic embryos obtained for each construct.
UCSC, upper cervical spinal cord. (C) Constructs with large flanking regions used in mutation analysis. 9.4 kb of flanking DNA was used,
starting within Hoxa6 and ending 5 kb 39 of Hoxa5 coding sequences. Black symbols in constructs 10 and 18 show mutations in AAATAA
sites. *Previously described data (construct in B, Zakany et al., 1988; construct 17, Larochelle et al., 1998); ‡expression weak; #expression
n 2 of 18 was outside the spinal cord in the cervical and brachial regions of the peripheral nervous system; ##neural expression was weak
n one of these two expressor embryos. A, AccI; B, BglII; E, EcoRV; D, DdeI; H, HindIII; RI, EcoRI; S, SacI; X, XhoI.
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140 Nowling et al.showing that the two enhancers work in an independent
and positive manner. Systematic addition analysis of differ-
ent fragments of the Hoxa5 BSC enhancer region to the
HOXD4 construct identified a small region (292–404) re-
quired for BSC expression in the context of the HOXD4
enhancer (Figs. 2H–2Q). Addition of either the 59 (292–367)
r 39 (333–404) two-thirds of this region also produced BSC
xpression, although only the 39 (333–404) sequence pro-
duced strong BSC expression (Figs. 2N and 2O). These
results indicated that this latter 72-bp region contains
spatial elements for BSC expression.
Specific Binding of Embryonic Proteins to Three
AAATAA-Containing Sites within the Hoxa5 BSC
Element
To identify trans-acting factors binding to the cis-
egulatory elements described above, EMSA analyses
ere performed. The 59 (292–367) and 39 (333– 404) two-
hirds of the BSC element were used in a binding assay
ith e12.5 nuclear extracts (NE). In the EMSA, several
omplexes were detected using 0.1 to 2 mg of NE (Fig. 3
and data not shown). Competition studies showed these
DNA-binding proteins were sequence-specific and indi-
cated that the specific binding was contained entirely
within the 39 333– 404 sequence (Fig. 3). The two major
complexes contained protein components with molecu-
lar weights of 122 and 89 kDa. Minor complexes at higher
molecular weights could only be observed with large
amounts of NE (Fig. 3). Binding of the major complexes
from different anterior-posterior sections of the embryo
was quantified using limiting amounts of NE. Quadrupli-
cate analyses performed in the linear range of the EMSA
showed the following results: section 1 (head), 14.9 6
2.6% bound; section 2 (upper cervical), 16.7 6 1.9%;
ection 3 (brachial), 17.8 6 3.9%; section 4 (torso), 23.5 6
.4%. These data demonstrate a trend toward higher
inding activity in NE from more posterior regions.
owever, in comparing activity levels across sections, we
etected a statistically significant difference only be-
ween the head and torso data (Student’s t test; P , 0.05).
To determine at what sites the factors were binding, we
erformed DNaseI protection footprinting experiments
ith the BSC element and fractionated e12.5 NE. Strong
rotection of one region, footprint B, and weak protection at
wo other regions, footprints A and C (Fig. 4A) were
bserved. All three regions contained the sequence
AATAA (Fig. 4B) and all were found within the 39 (333–
04) BSC fragment.
To refine the regulatory sequences recognized by em-
ryonic proteins and to test the significance of the
ootprinted sites on the BSC element, single (MutA, B, C,
nd Ctrl), double (MutAB, AC, and BC), and triple (Mu-
ABC) mutations were generated (Fig. 4C). These mu-
ated elements were then used in EMSA analyses (Figs.
A and 5B) and the level of binding for each fragment was
uantified (Fig. 5C). Mutating only the A site or the C site
s
e
Copyright © 1999 by Academic Press. All rightad little or no effect on binding. When only the B site
as mutated there was an 83% reduction in binding
hen compared with the wild-type fragment. When sites
and C were both mutated there was a further reduction
n binding of about 9% over mutant B alone. Although
utations at sites A or C alone did not have much effect,
n AC double mutation reduced binding by 89%, while
n AB double mutation resulted in a 95% reduction in
inding. Binding was abolished only when all three sites
ere mutated (MutABC), suggesting that the three sites
ere involved in binding the BSC element. Mutating
FIG. 3. Sequence-specific binding of embryonic proteins to the
Hoxa5 BSC element. EMSA of e12.5 NE proteins with DNA probes
for the 59 (292–367) (A) and the 39 (333–404) (B) BSC regions is
hown. Lane 1, no extract; lanes 2, 3, 4, and 5, 2 mg protein of e12.5
E of embryo sections 1 (head), 2 (upper cervical), 3 (brachial), and
(rest of torso), respectively. Lane 6 in each gel contained 2003
olar excess of UCR element (UC) oligonucleotide as nonspecific
ompetitor and lanes 7 and 8 contained 2003 molar excess 39 BSC
and 59 BSC isolated fragment, respectively, as specific competitor.
Calculated molecular weight of the protein component in bound
complexes (B) were 89 and 122 kDa.equences between sites B and C (MutCtrl) had little
ffect on protein binding.
s of reproduction in any form reserved.
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141Embryonic Gradient of Hoxa5 BSC Enhancer Binding ProteinsIndividual Proteins Exhibit a Gradient of Binding
Activity to Hoxa5 Regulatory Elements
Because the sequence-specific DNA:protein complexes
observed in the EMSA may contain multiple proteins, we
determined if individual factors could bind the 39 BSC
lement. Equal amounts of NE proteins from different
FIG. 4. DNaseI protection footprinting of the 39 BSC element
etects three regions bound by protein. (A) Top strand. Lanes 1 and
contain A 1 G and G sequencing ladders, respectively. Lanes 3
nd 6, no extract; lane 4, 400 ng protein from fractionated whole
12.5 NE; lane 5, 2 mg protein from fractionated whole e12.5 NE.
ut-take to the right of top strand shows a darker exposure of the
ootprint site A. (B) Bottom strand. Lanes are the same as in (A).
rackets labeled A, B, and C designate observed footprints. (C)
rotected sequence of footprints A, B, and C showing a 6-bp
onsensus of AAATAA. Underlined sequences indicate the pro-
ected regions for the top and bottom strand. Letters in lower case
bove the sequence designate the bases mutated for the EMSA
nalysis in Fig. 5.nterior-posterior regions of the embryo were separated by
DS–PAGE, transferred to nitrocellulose, renatured, and
Copyright © 1999 by Academic Press. All rightrobed with either the 39 BSC element or the UCR element.
he BSC probe detected six bands, of which three were also
etected by the UCR probe (Fig. 6A), indicating the latter
hree protein bands may be nonspecific. The molecular
eights of the three bands specific to the BSC protein blot
ere estimated at 38, 36, and 34 kDa.
Interestingly, quantification of these specific bands indi-
ated that binding activity to the BSC elements existed as a
radient along the A-P axis. When binding activity was
ormalized to one of the nonspecific bands (Fig. 6B), binding
bserved in the D band decreased nearly 3-fold in extracts
FIG. 5. Each protected AAATAA sequence is involved in binding
protein. EMSA analysis using WT, MutA, MutB, MutC (A), MutAB,
MutAC, MutBC, MutABC, and MutCtrl (B) probes. (A) Lanes 1, 4,
7, and 10, no extract; lanes 2, 5, 8, and 11, 100 ng of section 2 e12.5
NE; lanes 3, 6, 9, and 12, 200 ng of section 2 e12.5 NE. (B) Lanes 1,
4, 7, 10, and 13, no extract; lanes 2, 5, 8, 11, and 14, 100 ng of
section 2 e12.5 NE; lanes 3, 6, 9, 12, and 15, 200-ng section 2 e12.5
NE. (C) Percentage of bound DNA was quantified for the WT and
each of the mutants in (A) and (B). Percentage of activity relative to
WT activity was calculated (see Materials and Methods). Only the
200-ng extract lanes are shown, data with 100-ng extract showed a
similar trend at approximately 50% of the values shown.
s of reproduction in any form reserved.
a142 Nowling et al.from head regions compared to tail regions and binding in
the E and F bands decreased by approximately 2.5-fold from
head to tail. Similar results were obtained without normal-
ization, and the nonspecific bands used for normalization
varied only 7–16% across sections. Thus, we are confident
that the 38-, 36-, and 34-kDa bands are exhibiting a gradient
of activity across the A-P axis.
To correlate the proteins binding in the EMSA with those
binding in the protein blot, the WT and B, BC, and ABC
mutant fragments were used to probe protein blots. Binding
at bands E and F (Fig. 7A) was quantified as a percentage of
WT binding. Binding in band D was too light to be quanti-
fied. There was a 50–75% reduction in binding with the
MutB and MutBC probes compared to the WT and a 90%
reduction with the MutABC probe (Fig. 7B). Thus, muta-
tions in the AAATAA sites, which resulted in a reduction
FIG. 6. Proteins binding to the BSC elements show a gradient of
activity along the anterior–posterior axis. (A) Protein blot contain-
ing equal amounts (50 mg per lane) of e12.5 NE protein from each of
the four sections probed with either the UCR element (left-hand
blot) or the 39 BSC element (right-hand blot). Specific bands are
labeled D, E, and F. (B) Each specific band was quantified and
normalized to a nonspecific band to assess differences in individual
binding protein activity to the BSC element across sections.of binding in the EMSA, also caused a reduction of binding
in the protein blot.
a
c
Copyright © 1999 by Academic Press. All rightProtein-Bound BSC Elements Are Required for
Brachial Spinal Cord Expression
Two different constructs containing the three mutant
sites were injected to produce transgenic embryos. The first
(construct 10) contained mutations in all three sites within
the 912 bp of Hoxa5 59 flanking sequence shown previously
to express in the brachial spinal cord (Fig. 1A; Zakany et al.,
1988). Fifteen e12.5 transgenic embryos were produced of
which none expressed lacZ (data not shown). This result
(0/15) was significantly different (Chi-square test, 0.01 ,
P , 0.025) from expected wild-type expression (6/14; Za-
kany et al., 1988) and demonstrated the absolute require-
ment for the AAATAA sequences for a functional proximal
regulatory element acting in the absence of distal elements.
The second mutant construct contained the same muta-
tions affecting the three sites within 9.4 kb of genomic
Hoxa5 and surrounding sequences (Fig. 1C, construct 18).
The 9.4-kb wild-type construct reproduces most of the
FIG. 7. Binding activity on protein blots is also affected by
mutation of AAATAA sequences. (A) Protein blot containing equal
amounts (25 mg) of whole e12.5 NE. WT and mutant probes labeled
bove each blot are the same as those used in the EMSA. (B) Binding
ctivity of bands D and E with each probe were quantified and
alculated as a percentage of WT activity.
s of reproduction in any form reserved.
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143Embryonic Gradient of Hoxa5 BSC Enhancer Binding ProteinsHoxa5 endogenous expression pattern in the cervical region
(construct 17; Larochelle et al., 1998). Four embryos were
produced carrying the 9.4-kb mutant construct and LacZ
expression remained in the cervical region and mesodermal
structures (Figs. 2R and 2S). However, two of the embryos
lacked neural expression while a third specimen had re-
duced neural expression, indicating that the BSC element
participates in controlling normal Hoxa5 neural expression
in the BSC.
DISCUSSION
The Hoxa5 Brachial Spinal Cord (BSC) Enhancer
Contains Multiple Elements for Spatial-Specific
Expression
Several elements responsible for different aspects of
Hoxa5 spatial-specific neural expression were identified by
in vivo analysis of expression from various Hoxa5/lacZ
transgenes. 59 deletion analyses of the 604-bp enhancer
identified a 26-bp region that is necessary for BSC expres-
sion. Two other elements, located at the 39 end of the
enhancer and identified by deletion analysis, include an
upper cervical repression element and a peripheral nervous
system element. Thus, a large region is required for BSC
expression. To further define spatial elements within this
region, Hoxa5 enhancer sequences were added to another
Hox construct, HOXD4/lacZ, that expresses b-galac-
tosidase in the adjacent upper cervical region of the spinal
cord. Addition of minimal Hoxa5 sequences to HOXD4/
lacZ showed that within the 333–404 sequence there is an
element capable of conferring BSC expression in the con-
text of the HOXD4 enhancer.
Are These Brachial Spinal Cord Regulatory
Elements Relevant in Vivo?
The identified Hoxa5 regulatory elements control a more
osterior rostral boundary of neural expression than the
ndogenous Hoxa5 mRNA (Zakany et al., 1988). This has
een observed with other Hox transgenes (Vogels et al.,
993; Ge´rard et al., 1993; Charite´ et al., 1995). The lack of
ufficient rostral expression may be due to missing regula-
ory elements and in fact using larger regions of Hoxa5 (Fig.
R; Larochelle et al., 1998) resulted in neural expression of
acZ up to the level of the basioccipital bone. In the
revertebral column, endogenous expression of the 1.8-kb
ranscript is detected up to the third prevertebrae (C3), and
his limit is reproduced with lacZ transgenes driven by the
arger regulatory regions of Hoxa5 (Larochelle et al., 1998).
dentification within the BSC enhancer of a repressor ele-
ent (UCR), which defined the C3 limit of neural expres-
ion in transgenic animals, indicates that in the context of
he complete proximal promoter, this regulatory element
ay be essential for the correct definition of the C3 limit inhe mesoderm. All of the homeotic effects observed in
oxa5 mutant mice are within the C3–T2 region (Jeannotte
Copyright © 1999 by Academic Press. All rightt al., 1993; Aubin et al., 1998). As well, recent in situ
ybridization experiments, using probes that detect only
he distal transcripts, have shown that the 1.8-kb transcript
s the only one expressed in the mesodermal components of
he trachea, larynx, and lung, and in the pv3 to pv10 region
f the prevertebrae (Aubin et al., 1998). Interestingly, these
ites are those affected in Hoxa5 null mutants (Jeannotte et
l., 1993; Aubin et al., 1997, 1998), suggesting that the
roximal transcript is clearly important for Hoxa5 function.
s the proximal promoter is clearly regulated differently
rom the other Hoxa5 promoter(s), the brachial pattern
ontrolled by elements defined in the present study may
epresent a critical portion of the in vivo expression pattern
rom the proximal promoter.
Three AAATAA Regions in the BSC Element Are
Required in Vivo for Brachial Spinal Cord
Expression
EMSA and DNase I protection footprinting experiments
identified three regions bound by proteins on the Hoxa5
BSC element. Interestingly, although one site was clearly
more strongly protected (site B), all three of these regions
include an AAATAA sequence. Mutational analysis dem-
onstrated that these AAATAA sequences are important for
in vitro binding. In the EMSA, mutating site B significantly
reduced binding whereas mutating only sites A or C had
very little effect. Double mutants reduced binding some-
what more than in single mutants, but only the triple ABC
mutant abolished binding completely. The A and C sites are
likely to play a role in binding, however, as the AC mutant
was bound only weakly by protein. Cooperative binding
between proteins binding site B with those binding either
site A or C could explain this effect. We also note that
within site C there is a potential HOX protein binding site
(TAAT) and that site C is clearly protected in the DNaseI
analysis. However, the mutation introduced into site C
knocks out the putative HOX protein binding site and
binding to site C does not seem to be as important as
binding to site B. Thus, while binding to site C may involve
HOX proteins, such binding is not being detected under
these conditions.
The three sites are required in vivo for correct neural
expression. Mutating these elements within the 912 bp of
Hoxa5 59 flanking sequence which normally expresses in
the brachial spinal cord resulted in a complete loss of
transgene expression. Further, in constructs with a larger
region (9.4 kb) of genomic Hoxa5, which normally ex-
presses in the brachial region of the spinal cord as well as in
several mesodermal tissues (Larochelle et al., 1998), mutat-
ing these sites also had an effect. Two of four embryos
produced with this longer mutant construct had no expres-
sion in the neural tube (Figs. 2R and 2S). This indicates that
the BSCE sites are essential for Hoxa5 neural expression
specifically from the 912-bp elements, but that the function
of these sites is less critical when additional regulatory
regions are present. These results further suggest that the
s of reproduction in any form reserved.
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144 Nowling et al.genomic context of the transgene insertion may have an
effect on BSC enhancer function.
The genomic sequence of the human HOXA complex has
been recently deposited (Genbank Accession AC004080).
The sequence of flanking Hoxa5 DNA is highly conserved,
with the 604-bp BSC region 89% identical between species.
Within this region, the three AAATAA sites are 100%
conserved in both sequence and spacing between human
and mice, reinforcing the importance of this DNA region in
Hoxa5 regulation.
Summarizing these results, we can speculate regarding
regulation of the spatial-specific expression of Hoxa5/lacZ
observed in the spinal cord in e12.5 transgenic embryos.
Because the 39 (333–404) BSC element is able to confer BSC
expression to another Hox enhancer, this element is likely
to be a positive regulatory element. The 39D50-bp UCR
element, which when deleted from the enhancer results in
more anterior lacZ expression, is likely to be a negative
regulatory element. These two elements may be partly
responsible for establishing the anterior limit (C3) of
Hoxa5/lacZ expression, especially within the mesoderm as
discussed above. Examples of repressor elements setting
anterior boundaries of expression have already been de-
scribed; for instance for Ubx (Qian et al., 1991), and Hoxd11
(Ge´rard et al., 1993). Proteins specifically binding the UCR
negative regulatory element have been detected in embry-
onic extracts (T.N. and C.K.T., unpublished data) and could
turn off expression in the anterior regions of the embryo,
while those binding the BSC positive regulatory element
could turn on expression in the brachial region. A model
requiring repression anterior to C3 would be consistent
with the data showing that the putative positively acting
BSC binding proteins are not confined to the brachial
region.
Individual Embryonic Proteins Bind to the 3* BSC
Element and Show a Gradient of Binding across
the A-P Axis of the Embryo
The proteins protecting the BSC element recognize mul-
tiple similar core sequences (AAATAA), although addi-
tional sequences around this motif may be used to discrimi-
nate between these sites as mutational analysis
demonstrated different affinities for each site by embryonic
proteins. Three individual protein bands of approximately
34, 36, and 38 kDa can recognize the AAATAA-containing
elements on protein blots. In experiments using probes
with mutations in the AAATAA sites, binding levels cor-
related with those observed in the EMSA for the different
mutant probes. These studies provide evidence that the
individual proteins are binding the same AAATAA sites as
the complex of proteins in the EMSA. Therefore, it is likely
these individual proteins are a part of this complex and may
multimerize with themselves, each other, or to additional
proteins to give the approximate molecular weights calcu-
lated for the protein components (89 and 122 kDa) in the
Copyright © 1999 by Academic Press. All rightMSA. Alternatively, they may be differently modified
orms of the same protein.
Quantification of probe binding to these blots indicate
hat binding to the specific individual proteins is highest in
he anterior region and decreases along the embryo to the
owest level in the posterior region. Each specifically bind-
ng protein on the blot displayed a similar gradient, indicat-
ng they may be differently modified forms of the same
rotein. This is substantiated by the observation that the
inding of proteins in both bands E and F is reduced with a
ingle, double, or triple mutant BSC probe. When performed
ithin the linear range of binding activity, the EMSA also
howed a gradient of activity. However, this gradient was in
he opposite direction and of much less magnitude and
tatistical significance (50% higher in section 4 versus
ection 1; P , 0.05) than seen in the protein blot (2.5- to
-fold higher levels in section 1 versus section 4; P , 0.001).
ecause shifts seen in the EMSA are likely due to a complex
f proteins, a gradient similar to that in the blot analysis
ay not be observed in the EMSA due to protein–protein
nteractions preventing or accelerating binding to the BSC
ragment. Such interactions would not occur in the protein
lot analysis, which is a more direct measure of any one
rotein binding individually. However, another possibility
or the increased binding in extracts from anterior regions
ust be considered. The level of binding to the BSC
lement could simply reflect differences in the cell differ-
ntiation state of the dissected regions, as anterior regions
re developmentally more advanced relative to posterior
egions. Our results could also be due to a combination of
egion-specific and differentiation-specific differences. In
his context, it will be important to determine what con-
rols the activity and/or expression of these proteins during
evelopment in a spatially specific or stage-specific man-
er. The observed gradient is of particular interest consid-
ring spatial expression models that involve gradients (Wol-
ert, 1989). In Drosophila, A-P development is dependent
n protein and mRNA gradients, such as bicoid in the
nterior (Nusslein-Vollhard et al., 1987; Struhl, 1989) and
audal in the posterior (MacDonald and Struhl, 1986). In
he mouse, genes in the Hox B cluster exhibit nested
expression domains in the CNS with respect to the A-P axis
(Graham et al., 1989 and Hunt et al., 1991), suggesting the
Hox genes are expressed in a graded manner. Identifying and
characterizing these newly detected Hoxa5 BSC-binding
roteins may help in understanding some of the molecular
echanisms underlying spatial expression of Hoxa5 and
ther genes during development.
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